must rely on anaerobic glycolysis for energy production as a result of adaptation to hypoxic stress. Macrophages however are unique in using glycolysis for ATP production constitutively rather than oxidative phosphorylation even during normoxia. This characteristic is advantageous for macrophages, which must move into and function in a hypoxic environment during an inflammatory response. Glycolytic activity is regulated by HIF-1 whose activity is stimulated by hypoxia and leads to increased expression of glycolysis-related genes (4, 5) . HIF-1 is a heterodimeric transcription factor composed of regulatory (α) and non-regulatory (β) subunits, which binds to hypoxia response elements (HRE) localized within the promoter regions of target genes. HIF-1α activity is regulated in response to cellular oxygen tension. Loss of HIF-1α activity in macrophages by targeted disruption of its gene has been reported to reduce ATP production to 20% of that observed in wild-type cells (6) . The resulting reduction in ATP concentration causes a severe defect in energy-dependent macrophage functions, including the recruitment of cells to acutely inflamed tissues, cytokine production, migration, and invasion of tissue (6) . However, it is unclear how HIF-1 activity is maintained in macrophages during normoxic conditions, which would otherwise suppress HIF-1 activity in other types of cells.
Macrophages must traverse various tissue
barriers by degrading components of the extracellular matrix (ECM) so as to move to sites of inflammation. Degradation of the ECM is mediated by the concerted action of multiple proteases expressed by macrophages (7, 8) .
MT1-MMP is one such invasion-promoting
protease expressed in macrophages (9) and other types of invasive cell, such as malignant tumor cells (7, (10) (11) (12) (13) . Substrates of MT1-MMP include not only ECM proteins but multiple other proteins localized to the pericellular milieu. As such, the proteolytic action of MT1-MMP regulates a variety of cellular functions (7, (10) (11) (12) (13) . Indeed, MT1-MMP knock-out (MT1 -/-) mice display defects in multiple cell types and do not survive beyond weaning (14) (15) (16) (17) .
We have recently reported that infiltration of macrophages into sites of TPA-induced acute inflammation are impaired in MT1 -/-mice (9), although infiltration of such macrophages into sites of chronic inflammation has been reported to be unaffected in a separate study (18) .
Macrophages derived from monocytes isolated from the bone marrow of MT1 -/-mice exhibit reduced invasive activity owing to the lack of proinvasive MT1-MMP. MT1 -/-macrophages also exhibit reduced migratory activity and this defect is overcome by the expression of recombinant exogenous MT1-MMP in the cells.
However, the migration-promoting activity of MT1-MMP is not associated with its protease activity, but it rather is linked to its cytoplasmic tail (CPT) (9) . Thus, MT1-MMP promotes macrophage migration in a non-proteolytic manner. In this study, we show that the substantiated further by the identification of a signaling cascade that links MT1-MMP to HIF-1α. mutant MT1-MMPs were prepared as previously described (9, 19) . These proteins were expressed in cells using lentivirus (pLenti6) vectors (Invitrogen). The mammalian expression vector pcDNA3.1 (Invitrogen) was used to express proteins for immunoprecipitation and reporter assays.
Experimental Procedures

Mouse Strains-Mt1-mmp
+/-mice (9) were backcrossed against C57BL/6 mice 12 times.
Mice were maintained under specific pathogen-free conditions. Experiments were performed on 10-to 18-day-old littermates of WT and MT1 -/-mice.
Cell
CultureBone marrow-derived macrophages were obtained as described previously (9, 19) . Mouse embryonic fibroblasts (MEFs) were prepared as described previously (20) and cultured in DMEM supplemented with 10% FBS. Measurement of lactic acid-Cells were seeded onto 6-well plates (1 x 10 6 /well) in triplicate.
Conditioned medium was collected after 24 h and lactic acid was measured using an L-Lactic
Acid kit (R-Biopharm).
Measurement of ATP Concentrations-ATP levels in cultured cells were determined using the ATP Bioluminescence Assay Kit CLS II (Roche Applied Science). ATP levels were normalized according to the total protein concentration, determined using a Bradford assay kit (Bio-Rad). 
Detection of HIF-1α and p300/CBP-
Preparation of Lentiviral vectors-Lentiviral
vectors were prepared as previously described (9, 19) . Lentiviral vectors were transduced into macrophages at an MOI of 3 and MT1-MMP expression was detected by RT-PCR using the following specific primers: MT1-MMP sense, Reporter assay-The reporter assay monitoring the HIF-1α CAD activity was performed as previously described (19) .
Knockdown experiments using shRNAs-shRNA sequences used for knockdown of target proteins were as follows: mouse FIH-1 #1, Immunoprecipitation-The immunoprecipitation assay to detect an interaction between FIH-1 and Mint3 in macrophages was performed as previously described (19) .
GST pull-down assay-Recombinant proteins such as GST, GST-CPT, GST-CPT(R/A),
GST-FIH-1, (His) 6 -FIH-1, and (His) 6 -Mint3 were prepared as previously described (19 
RESULTS
Reduced ATP content in MT1-MMP-deficient
macrophages-During a follow-up study of our previous observation that MT1 -/-macrophages exhibit impaired migratory activity (9), we found that the mutant cells also exhibited defects in phagocytosis (Supplemental Fig. S1 ) and TNF-α production (Supplemental Fig. S2) and these phenotypes are summarized in Figure 1A . Figure 
MT1-MMP regulates the activity of HIF-1α
during normoxia-HIF-1 is the master transcription factor regulating expression of glycolysis-related genes, and its HIF-1α
subunit is subject to regulatory mechanisms that respond to oxygen tension in the cell ( 
MT1-MMP activates HIF-1α by abrogating
FIH-1 activity-To examine whether MT1-MMP regulates FIH-1 activity against HIF-1, we made use of a luciferase reporter assay to monitor the transcriptional activity of the HIF-1α CAD fragment fused to the Gal4 DNA-binding domain (19) (Fig. 3A) . The found that a GST-CPT fusion protein harboring the R/A substitution (GST-R/A) failed to bind FIH-1 (Fig. 4B ). Mint3, we next analyzed localization of these proteins by immunohistochemistry (Fig. 6A) .
MT1-MMP inhibits FIH-1 using Mint3-
In a previous study, we observed that FIH-1 formed a complex with Mint3, which (Fig. 5D ) and that HIF-1 was activated in the cells ( Fig. 1 & 2) . Fig. S8B ). The
Mint3-binding activity of MT5-MMP had no effect on activation of the HIF-1α CAD (Supplemental Fig. S9 ).
In conclusion, the MT1-MMP CPT The abbreviations used are: HIF-1, hypoxia-inducible factor-1; FIH-1, factor inhibiting HIF-1; WCL, whole cell lysate; IB, immunoblotting; IP, immunoprecipitation. 
